Abstract -Wind farm grid codes require wind generators to ride through voltage sags, which means that normal power production should be re-initiated once the nominal grid voltage has been recovered. Doubly Fed Induction Generator (DFIG) based wind farm is gaining popularity these days because of its inherent advantages like variable speed operation and independent controllability of active and reactive power over conventional Induction Generator (IG). This paper proposes a new control strategy using DFIGs for stabilizing a wind farm composed of DFIGs and IGs. Simulation analysis by using PSCAD/EMTDC shows that the DFIGs can effectively stabilize the IGs and hence the entire wind farm through the proposed control scheme by providing sufficient reactive power to the system.
Introduction
Emerging environmental concerns and attempts to curtail dependency on fossil fuel resources are bringing the renewable energy resources to the mainstream of the electric power sector. Among the various renewable resources, wind power is the most promising from technical and economical prospects. The response of wind generators to grid disturbances is an important issue, because the installations of wind generators are steadily increasing. Therefore, it is important for utilities to study the effects of various voltage sags on the corresponding wind turbine responses [1] , [2] . The emerging grid codes demand that wind farms should have a good performance with respect to voltage control capability and robust behavior against frequency and voltage variations under fault condition. The installations of power electronic devices and reactive power compensation units like static synchronous compensator (STATCOM), superconducting magnetic energy storage (SMES), and energy capacitor system (ECS), in a wind farm composed of fixed speed wind turbines (FSWTs) as presented in [3] - [5] , increase the system overall cost. The amount of necessary dynamic reactive power compensation depends generally on the type of wind turbine generator system (WTGS) considered and is influenced by the electrical and mechanical parameters of that unit. Therefore, it is paramount to use a variable speed wind turbine (VSWT) like a DFIG to stabilize a FSWT (IG) in a wind farm, because the DFIG system can also control reactive power in a similar manner to a STATCOM/SMES/ECS and thus the reactive power compensation can be implemented at a lower cost.
Wind Turbine Model
A wind turbine is an electromechanical energy conversion device that captures kinetic energy from the wind and turns it into electrical energy. The primary components of a wind turbine for modeling purposes consist of the turbine rotor or prime mover, a shaft, and a gearbox unit (a speed changer) [6] .
The dynamics interaction involving forces from the wind and the response of wind turbine determines the amount of kinetic energy that can be extracted. The aerodynamic torque and the mechanical power of a wind turbine are given by [7] , [8] , and [9] . 3 2 ( ) 2
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Where r is the air density, R is the radius of the turbine, w V is the wind speed, 
The relationship between
R l G = and in (5), l is the tip speed ratio.
The wind turbine characteristics [10] for both IGs and DFIGs are shown in Figs. 1 and 2 respectively. In Fig. 2 , the power capture characteristic of the turbine and the rotor speed are shown. The dotted lines show the locus of the maximum power point of the turbine which is used to determine the reference of active power output ref P .
Equations (6) and (7) 
0.0775
The power extracted from the wind can be limited by pitching the rotor blades. The angle control is usually done with a PI controller in such a way that the pitch controller shown in Fig. 4 controls the angle when the rotor speed exceeds 1.3pu for the case of DFIG that operates in variable speed mode. Figure 5 shows the pitch controller for the fixed speed WTGS. In order to get a realistic response in the pitch angle control system, the servomechanism account for a servo time constant, servo T and a limitation of both the pitch angle and its rate of change as shown in Figs. 4 and 5 respectively. The rate of change limitation is very important during grid fault, because it decides how fast the aerodynamic power can be reduced in order to prevent over-speeding during fault [11] , [12] . However, considering the realistic scenario for a heavy mechanical system, the rate limiter must be incorporated to simulate the pitch controller. The pitch rate limiter of ± 10deg. /sec. is used for both pitch controllers in this study. 
Model System and Overview of DFIG Control
A model system shown in Fig. 6 is considered, in this study, where two wind farms are connected to the multimachine power system. Aggregated wind farm model is considered in this analysis for fast computing. Each wind farm is composed of 1 DFIG and 3 IGs. The parameters of the generators are given in Table I . The basic control system of the DFIGs is presented in [7] , but a protection circuit in the excitation circuit of DFIG is considered, in this study. The two-mass shaft model is considered for all wind generator systems, because the shaft model has great influence on the fault analysis [13] .
The IEEE generic turbine model and approximate mechanical-hydraulic speed governing system [14] is used for synchronous generator 1 (SG1). The IEEE "non-elastic water column without surge tank" turbine model and "PID control including pilot and servo dynamics" speedgoverning system [15] is used for synchronous generator 2 (SG2). IEEE alternator supplied rectifier excitation system (ACIA) [16] is used in the exciter model of both synchronous generators. DFIG has a superior characteristic than IG that both active and reactive powers can be controlled independently in the range of few milliseconds [17] [18] [19] [20] . DFIG can also hold to some degree the electrical power constant in spite of fluctuating wind by storing temporarily the wind energy in the turbine as kinetic energy. The control systems are discussed below.
The circuit configuration of the rotor side, DC-link and the grid-side converter is given in Fig. 7 , while Table 2 gives the ratings of the excitation circuit. 
Fig. 7 Circuit configuration of power converters of DFIGs

Rotor Side Converter (RSC) Control
In normal operation (when the grid voltage 0.9
the RSC regulates the developed electric power ( ) DFIG P and delivers/absorbs reactive power as well by the DFIG. In 
Simulation Results
Simulation analyses for a three phase fault at points F1, F2 and F3 shown in Fig. 6 are performed for two cases in PSCAD/EMTDC [21] , in which DFIG is installed or is replaced by IG at each wind farm. The fault occurs at 0.1 sec where all wind generators are assumed to be operated under their rated wind speed. The circuit breakers (CB) on the faulted lines are opened at 0.2sec, and finally, at 1.0sec, the circuit breakers are re-closed. Real wind speed data, obtained in Hokkaido Island, Japan, shown in Figs. 9 and 10, respectively, are used in wind farms 1 and 2. Responses of the network variables and some of the wind generators are shown in Figs.11-42 . When the DFIG control is not considered, the voltage drop occurs at the wind farm and also wind generator terminals. Then, the electromagnetic torques of the IGs drop also as the electromagnetic torque is proportional to the square of the terminal voltage. The mechanical torques of the wind turbines do not change rapidly during the short time interval. As a result, the turbine hub and generator rotors accelerate due to the large difference between the mechanical and electromagnetic torques, and then, the wind generators become unstable as shown in Fig. 22 . But if the DFIG control is applied, the necessary reactive power is supplied, and then, the terminal voltages of the wind farm and the electromagnetic torques of the IGs can be restored quickly making the wind generators stable. 
Conclusion
The DFIG control has been proposed to stabilize a wind farm which is composed of both fixed and variable speed wind turbine generator systems. The effectiveness of the proposed DFIG control is verified by simulation analyses for a severe three-line to ground fault at different fault locations in the multi-machine power system. It has been shown that, if the DFIG control is not available, wind farm composed of induction generators becomes unstable, however, when the DFIG is incorporated in the wind farm adopted with the proposed control, IGs as well as DFIGs in the wind farms become stable. Therefore, it can be concluded that the proposed control method for variable speed wind turbine driving DFIG can effectively enhance the transient stability of wind farms.
